We investigated the distribution of heat shock protein 47 (hsp47) in cultured chicken embryonic chondrocytes and epiphyseal chondrocytes of tibial bones from 1-day-old to 6-week-old chickens. Northern blot and immunoblot analyses revealed that hsp47 exists in epiphyseal cartilage and cultured chondrocytes. Confocal laser immunofluorescence microscopy showed that hsp47 was localized mainly in the many granular structures found in the cytoplasm that contain Type 11 collagen. Epiphyseal cartilage and cultured chondrocytes were embedded in LR White resin and hsp47 was detected by protein A-immunogold electron microscopy.
Introduction
The collagens are a family of highly characteristic fibrous proteins found in all multicellular animals and are the most abundant proteins in mammals, constituting 25% of total body proteins. Thus far, more than 20 distinct collagen a-chains have been identified, and 12 types of collagen molecules have been found. Type I1 collagen is the major gene product in cartilage, constituting approximately 80% of total collagen. It is synthesized on membrane-bound ribosomes as an individual pre-pro-collagen polypeptide chain. After cleavage of the signal peptide, hydroxylation, and glycosylation, procollagen a-chains (pro-a chains) assemble into trimers, known as pro-collagen, in the lumen of the ER (2) .
Hsp47, a heat shock protein with a molecular mass of 47 KD, was first identified by Nagata et al. (IS), in chicken embryonic fibroblasts, as a protein that binds collagen in a pH-dependent manner. The synthesis of hp47 is transformation-sensitive and decreases in Balb13T3 cells when these cells are transformed by SV40 (20).
Expression of hp47 increases during difFerentiation in F9 embryonal carcinoma cells, coinciding well with that of collagen (17) . Hsp47 is localized exclusively in the cistemal space of the endoplasmic Gold particles were localized exclusively in the cisternal space of the endoplasmic reticulum (ER), and the labeling density of the cistemal space of the dilated ER was always higher than that of the non-dilated ER. In all the differentiating zones of epiphyseal cartilage, the labeling density was highest in the hypertrophic cells. These findings suggest that hsp47 plays an important role(s) in the synthesis, processing, and assembly of Type 11 collagen. ( J Hisrochem Cytochem 42: KEY WORD% Chicken epiphyseal cartilage; Chondrocytes; Heat shock protein 47; Protein A-colloidal gold technique; Type I1 collagen.
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reticulum (ER) of chicken liver endothelial cells (23) . It associates specifically with pro-collagen in the ER and may retain pro-collagen molecules in the ER until the assembly of pro-collagen is completed (21) . Therefore, hsp47 appears to play an important role(s) in collagen processing or transport as a collagen-specific molecular chaperone (21) .
Epiphyseal cartilage is one of the most active tissues in collagen synthesis (mainly of Type I1 collagen). This cartilage differentiates in a sequence of the resting, upper proliferative, lower proliferative, and hypertrophic zones. It has been reported that procollagen accumulates gradually in the cisternal space of the chondrocyte ER during their differentiation (13) .
In this study we localized hsp47 in cultured chondrocytes and epiphyseal chondrocytes by quantitative h u n o g o l d electron microscopy, and demonstrated hsp47 was preferentially localized in the dilated ER and was richest in the hypertrophic cells in epiphyseal cartilage. These facts suggest an important role(s) of hsp47 in the processing and assembling of Type I1 pro-collagen molecules.
Materials and Methods
Materials. The proximal tibial epiphyseal cartilages were prepared from 2-day. &week, 4-week, and 6-week-old chickens.
Two monoclonal antibodies (MAb) against chicken hsp47 (7C8B1,llDlO) generated previously (20,23), were used throughout this work. Antisera against chicken Type I1 collagen (Gentyme; Cambridge, MA) were raised 833 67k-43k-30k- in rabbits in our laboratory. Rabbit anti-chicken Type I1 collagen IgG was also kindly provided by Dr. Hartmann (Institute Pasteur de Lyon; Lyon, France).
Gold particla (8 nm) conjugated with protein A were prepared by a tannic acid-citrate reduction method described by Slot and Geuze (25) . fetal calf serum (FCS), and incubated for 3 hr at 37'C. After standing for 5 min to sediment debris, the supernatant containing dissociated cells was obtained. The dissociated cells were centrifuged at 170 x g for 5 min and the pelletcd cells were bottled in a Falcon 250-ml tissue culture flask with the 30-ml culture medium that consisted of Ham's F12 solution containing 10% FCS. 100 Ulml penicillin G, and 100 (tglml streptomycin.
The cells were cultured at 37'C under an atmosphere of 5% CO2 and 95% air with 100% humidity. The day of bottling was designated as Day 0. Each bottle was k d m r y other day by adding the fresh medium. the volume of which was adjusted to one fourth of the initial volume of the medium at the time of inoculation. On Day 7 of culture, the floating cells in the medium were collected by centrifugation and the pellets were used for Northern blot and immunoblot analyses. immunofluorescence study. and immunoelectron microscopic studies. Chicken embryonic fibroblasts were cultured as described previously (18) .
Immunoblotting Analysis and Immunoprecipitation. After wvhing the cells. chicken embryonic chondrocytes and chicken embryonic fibroblasts wcre lysed for 30 min with lysis buffer (0.05% sodium dodecyl sulfate (SDS). ride hydrochloride (APMSF), 0.2 mglml soybean uypsin inhibitor, 0.2 mglml antipain. 20 pglml chymomtin, 100 Ulml tmsyrol, 20 pglml pepstatin. 0.2 mglml leupeptin in 20 mM Tis-HCI buffer. pH 7.4). After centrifugation at 9500 x g for 20 min. the supernatant was applied to immunoblotting analysis. The prcacimd epiphyseal cartilages ofthe cibial bona of2-wcckold chickens were homogenized in 2% SDS containing Tris-buffered d i n e (TBS: 0.15 M NaCI in 0.01 M Tris-HCI buffer. pH 8) (1). The solubilized proteins from epiphyseal cartilages, chicken embryonic chondrocytes, and chicken embryonic fibroblasts were separated by SDS-polyacrylamide gel (7.5%) electrophoresis (SDS-PAGE) according to the procedure of Laemmli (12) and transferred electrophoretically to a GVHP sheet (Nihon Milipore Kogyo, Yonezawa. Japan) by the method of Burnette (3) . The sheet was sepvatcd and incubated avernight at 4'C with primary antibodis rat monoclonal antibodies(MAb) against hsp47 (7C8B1, 11DlO)or pre-immune rat IgG in 1% skim milk in TBS, pH 7.5. Permidw-conjugated goat antibody against rat IgG (Zymcd kboratories; Burlingune. CA) was used as the second antibody, and detected with ECL Western blotting detection reagents (Amershun International; Amersham. UK).
Immunoprecipitation was performed as described elsewhere (8) .
Northern Blot Analysis. Total RNAs were prepared from epiphyseal chondrocytes, c u h " chondrocyta. skin. and livcr as described previously (9) and separated on 1% agarose gels containing formaldehyde (14) . After electrophoresis. gels were incubated in 50 mM NaOH for 30 min and then neutralized with 0.1 M Tris-HC1 (pH 7.5) for 30 min. RNAs were transferred to nylon membrane filters (Gcne Screen Plus) (Du Pont-New England Nucleu; Boston, MA) using 10 x SSC as a blotting buffer for 16 hr at room temperature (RT). After tmnsfkr, filters were rinsed briefly in 2 x SSC. dried at RT, and kept at 80°C for 2 hr. Blotted filters were prehybridized for 8 hr at 42°C in 5 x SSC containing SO% formamide, 1
x Denhardt's solution, 1% SDS. and 100 pglml of denatured salmon sperm DNA. A cDNA probe for hsp47, the EroRI-EcoRI fragment of pCH471 (9) was labeled with (a-32P]-dCTP by the multiprime labeling method of Feinberg and Vogelstein (4) . Filters were washed in 2 x SSC at RT xveral times and then twice in 2 x SSC, 0.5% SDS at 65°C for 30 min. Tissue Preparation for Immunocgtochunisay. The proximal epiphyseal cartilages of the tibial bones were excised and cut vertically (parallel to the tibial axis) into small blocks of tissue under a stereomicroscope. For immunoelectron microscopy, the blocks were fixed for 15 min at 4 % by immersion in a mixed fixative of 0.1% glutaraldehyde and 4% formaldehyde dissolved in 0.1 M phosphate buffer, pH 7.4, and rinsed several times with PBS. Then the blocks were dehydrated and embedded at -20'C in LR White as described previously (6), using an ultraviolet polymerizer W -2 0 0 (Dosaka EM; Kyoto, Japan).
Cultured cells were also embedded in LR White according to the same procedure.
Labeling Procedure for Immunoelecaon Microscopy. Ultra-thin sections were cut and picked up on collodion-carbon-coated nickel grids (150 mesh). The grids were floated for 10 min on drops of 0.5% BSA in PBS, then incubated for 1 hr at RT on droplets (20 PI) of anti-hsp47 MAb 7C8B1 (10 pglml in 0.5 % BSA in PBS) or of control IgG (IgG fraction from pre-immune rat serum, 10 lg/ml in 0.5% BSA in PBS). After washing with 0.5% BSA in PBS, the grids were further incubated with anti-rat IgG antibody as the second antibody for 30 min, washed with the same solution. Then they were incubated for 10 min with protein A-gold complex (8-nm gold particles dissolved in 0.5% BSA in PBS), washed with 0.1 M sodium cacodylate buffer, pH 7.4, and post-fixed with 5 % glutaraldehyde in the same buffer. The sections were washed with distilled water, then successively stained with uranyl acetate for 10 min and lead citrate for 1 min. Electron micrographs were taken randomly (-20 fields and -20 cells per each stage and zone), and gold particles over the cross-sectional profiles of the various organelles or of the membranes were counted. The area of organelles or the length of membranes was measured by a digitizer model SD 331 (Wacom; Saitama, Japan) connected to a PC-9801 CV microcomputer (NEC; Tokyo, Japan).
The average number of gold partides per l m 2 of organelles or per l m of membranes was determined. Specific binding was calculated by subtracting the labeling density of the control from that of the experimental specimens (1).
Results

Biochemical Detection of hsp47 and Type II
Collagen in Chondrocytes
Immunoblot analyses showed that MAb 1lDlO and 7C8B1 against hsp47 gave a single band of 47 KD in chicken epiphyseal cartilage, chicken embryonic chondrocytes, and chicken embryonic fibroblasts ( Figure 1 ). The band with MAb 7C8B1 was fainter than those with MAb llD10, hence it was necessary to expose the samples for a longer time to X-ray film.
Type I1 pro-collagen of molecular mass 160 KD was immunoprecipitated as a major band from chicken embryonic chondrocytes by the antiserum against the protein (Figure 2 ). Some minor bands migrating faster than Type I1 pro-collagen appeared with this antiserum, but they also appeared with pre-immune serum, suggesting that they are nonspecific bands.
Northern Blot Analysis
The expression of hsp47 in the chicken epiphyseal chondrocytes and cultured chondrocytes was confirmed at the mRNA level by Northern blot analysis (Figure 3) . A single band of mRNA of approximately 4.5 KBP was detected in epiphyseal ( Figure 3 , Lane 1) and cultured (Figure 3, Lane 2) chondrocytes. The size of the mRNA was similar to that of skin (Figure 3, Lane 3) and of CEF cells (9) . In liver, this messenger was hardly detected.
Con focal Laser Immunofluorescence Microscopy
Localization of hsp47 and Type I1 collagen was examined by doublelabeling confocal immunofluorescence microscopy in cultured chondrocytes. Type I1 collagen was distributed on the coarse reticular network connecting granular structures, probably corresponding to dilated ER. The Golgi region near the nucleus was also labeled (Figure 4b ). Similar results were obtained when anti-chicken Type I1 collagen IgG provided by Dr. Hartmann was used. The staining pattern of hsp47 was partially overlapped with those of Type I1 collagen. Granular structures were much more prominent and much brighter than the reticular structures in the cytoplasm, and the Golgi region was devoid of staining ( Figure 4c ). of the rough ER, with more preferential localization in the dilated ER. This suggests that the granular staining observed by confocal laser fluorescence microscopy is due to the dilated ER. A small number of gold particles were also localized in the cistemal space of the nuclear envelopes, as shown in Figure 5c . Gold particles were rarely seen in the other compartments, such as the nuclear matrix, cytoplasmic matrix, mitochondria, Golgi apparatus, and plasma membranes (Figure 5a) . Figures 5b and 5c show epiphyseal chondrocytes in the lower proliferative zone of a 2-week-old chicken. Gold particles were also predominantly localized in the dilated ER (Figure 5b and 5c ). It is especially interesting that gold particles were occasionally clustered around flocculent material in the dilated spaces of the rough ER (Figure 5a-5c ). Gold particles were rarely seen in the Golgi apparatus (Figure 5c ). The ER localization of hsp47 was observed in epiphyseal chondrocytes of all zones from 1 day-to 6-week-old chickens. Similar results were obtained with another MAb, llDl0 (data not shown). In control experiments using pre-immune IgG, few gold particles were detected in any field of the chondrocytes (Figure 5d ). Unfortunately, we failed to detect chicken Type I1 collagen by immunogold electron microscopy using the two antibodies. Table 1 shows the numbers of gold particles per pm2 of various organelles or per pm of plasma membrane in epiphyseal chondrocytes of the lower proliferative zone in 4-week-old chickens. The density of gold particles over the rough ER was very high in the chondrocytes. More numerous gold particles were always found in the dilated rough ER than in the non-dilated rough ER. The labeling density of the dilated rough ER was approximately twofold higher than that of the non-dilated rough ER. The labeling density of hsp47 over the nuclear envelope was -20% of that of the rough ER. Labeling density over the other organelles, such as the nuclear matrix, Golgi apparatus, secretory vesicles, mitochondria, and plasma membrane was very low and at a control level. No significant gold particles were detected on the extracellular matrix surrounding the chondrocytes.
Immunogold Electron Microscopic Localization of hsp47
Quantitative Analyses of Gold Particles on the Epiphyseal Chondrocytes
Changes in Labeling Density in the Various Dtfferentiating Zones with Age
We compared the changes in labeling density in the ER of the various differentiating zones. Except for 1-day-old chickens, the labeling density of gold particles of the dilated ER (Figure 6a ) and the non-dilated ER (Figure 6b ) increased with the differentiation of the cells, in a sequence of resting, upper prolifcrative, lower proliferative, and hypertrophic zones.
The density of gold particles in the ER cistemae increased significantly between 1 day and 2 weeks, but no significant change was found among 2-week-old, 4-week-old, and 6-week-old chickens (Figures 6a and 6b) . Figure 6c shows ratios of labeling density of the dilated ER to that of the non-dilated ER in various differentiating zones from 0 to 6-week-old chickens. The labeling density of the dilated ER was always approximately 1.5-2 times higher than that of the nondilated ER.
Discussion
It is well known that there are heterotrimeric and homotrimeric collagens. Hsp47 was previously found to be a major collagenbinding protein in cells synthesizing Type I or Type IV collagen (heterotrimer) (llJ9). A recent study by Miyakhi et al. (15) showed the presence of hsp47 in cartilaginous tissue producing Type I1 collagen (homotrimer). We have also shown the presence of hsp47 and expression of the mRNA in chondrocytes in this study. These facts suggest that hsp47 is related not only to the processing of heterotrimeric collagen but also to that of homotrimeric collagen, such as Type I1 collagen.
In epiphyseal cartilage the content of mRNA for Type I1 collagen is highest in the proliferative cells (24) . The amount of procollagen in the ER increases during differentiation and is most abun-dant in hypertrophic cells (13) . In this study, the amount of hsp47 also increased during differentiation and was richest in the hypertrophic cells. It is suggested that the amount of hsp47 correlates with that of pro-collagen in the ER. This result is consistent with a previous report that expression of hsp47 increases simuhneously with collagen expression during the differentiation of F9 embryonal carcinoma cells (17) .
It has been shown that localization of hsp47 is restricted to the ER in chicken embryonic fibroblasts and chicken liver epithelial cells by immunoelectron microscopy and immunofluorescence microscopy (23) . The presence of a KDEL retention signal sequence motif (RDEL) at the C-terminal also suggests that hsp47 is a luminal protein of the ER (9). The retention mechanism of luminal proteins of the ER has been extensively studied. ER luminal soluble proteins with KDEL signal are suggested to be transported to the post-ER, pre-Golgi region or Golgi apparatus, where specific receptors recognize and bind to the ER proteins to carry them back to the ER (16). As chondrocytes have very well-developed dilated ER, this study clearly showed that hsp47 exists predominantly in the luminal space of the ER, as protein disulfide isomerase (PDI) exists in the same compartment in these cells (1) . The scarcity of hsp47 in the Golgi region suggests that it is rapidly dissociated and transported back from the Golgi region to the ER.
The labeling density of hsp47 in the dilated rough ER was approximately 1.5-2 times higher than that in the non-dilated rough ER. The dilation of the rough ER in the epiphyseal chondrocytes probably reflects the marked accumulation of pro-collagen and the other newly synthesized protein molecules in the cisternal space (22) . We have previously reported localization of PDI in the rough ER of epiphyseal chondrocytes. There was no marked difference in the labeling density along differentiating zones and between the dilated and the non-dilated rough ER (1) . Although both PDI and hsp47 are soluble ER proteins with KDEL or RDEL retention signal in the C-termini, they showed different localization in the ER. This difference in distribution suggests a functional difference between PDI and hsp47. PDI is evenly distributed in the intracisternal space and is suggested to play a pivotal role in the formation of the intra-and interchain disulfide bonds of newly synthesized pro-peptides co-translationally or soon after their synthesis (5, 7) . Biochemical studies have shown that PDI catalyzes the formation of native interchain disulfide bonds in Type I1 pro-collagen (10) . On the other hand, hsp47 is enriched in the dilated ER and is OCcasionally associated with flocculent material in the dilated ER lumen, which presumably correspond to the accumulated pro-collagen molecules. Hsp47 is likely to regulate transport of the pro-collagen molecules until they acquire theit proper conformation to the Golgi apparatus. Hsp47 may be controlling export of pro-collagen molecules from the dilated ER lumen.
